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Hydrogenases are metalloenzymes that are key to energy metabolism in a variety of microbial communities.
Divided into three classes based on their metal content, the [Fe]-, [FeFe]-, and [NiFe]-hydrogenases are
evolutionarily unrelated but share similar nonprotein ligand assemblies at their active site metal centers
that are not observed elsewhere in biology. These nonprotein ligands are critical in tuning enzyme reactivity,
and their synthesis and incorporation into the active site clusters require a number of specific maturation
enzymes. The wealth of structural information on different classes and different states of hydrogenase
enzymes, biosynthetic intermediates, and maturation enzymes has contributed significantly to under-
standing the biochemistry of hydrogen metabolism. This review highlights the unique structural features of
hydrogenases and emphasizes the recent biochemical and structural work that has created a clearer picture
of the [FeFe]-hydrogenase maturation pathway.Introduction
Hydrogen metabolism, a key feature of many microorganisms, is
made possible by complex FeS enzymes termed hydrogenases.
The [NiFe]- and [FeFe]-hydrogenases catalyze the activation of
H2 through the reversible reaction, H2$ 2H
+ + 2e, and function
to either couple H2 oxidation to energy-yielding processes or
reduce protons as a mechanism to recycle reduced electron
carriers that accumulate during fermentation (Vignais and Bil-
loud, 2007). A third type of hydrogenase, [Fe]-hydrogenase or
Hmd-hydrogenase, catalyzes the dehydrogenation of methy-
lene-tetrahydromethanopterin to form H2 and methenyl-tetrahy-
dromethanopterin (Shima and Thauer, 2007). The relevance of
hydrogenases to renewable energy paves the way for diverse
and exciting research in a rapidly emerging field, with possibilities
for developing biomimetic H2-production catalysts and geneti-
cally engineeredhydrogenases forphotobiologicalH2production.
Following their initial discovery in 1931 in colon bacteria by
Stephenson and Stickland (1931), hydrogenases have been
identified in all kingdoms of life (Vignais et al., 2001; Meyer,
2007; Vignais and Billoud, 2007; Posewitz et al., 2008). The three
classes of metal hydrogenases are phylogenetically distinct but
have unifying features in the form of the unique nonprotein
ligands to the metal centers at their active sites. Set apart from
all other metalloenzyme active sites, the carbon monoxide and
cyanide ligands present at the active sites of hydrogenases
require complicated biochemical processes for synthesis and
incorporation (Bo¨ck et al., 2006; McGlynn et al., 2009; Shepard
et al., 2011; Swanson et al., 2011).
The X-ray crystal structures of hydrogenases from all three
classes have been determined and include the structure of
[Fe]-hydrogenase from Methanocaldococcus jannaschii (Shima1038 Structure 19, August 10, 2011 ª2011 Elsevier Ltd All rights reseet al., 2008), [NiFe]-hydrogenase structures from sulfate-reducing
bacteriaDesulfovibriogigas (Volbedaetal., 1995,1996),D.vulgaris
Miyazaki F (Higuchi et al., 1997, 1999), D. fructosovorans (Montet
et al., 1997; Volbeda et al., 2002, 2005), D. desulfuricans (ATCC
27774) (Matias et al., 2001), and photosynthetic bacterium
Allochromatium vinosum (Ogata et al., 2010), [NiFeSe]-hydroge-
nase structures from Desulfomicrobium baculatum (Garcin et al.,
1999) and D. vulgaris Hildenborough (Marques et al., 2010), and
[FeFe]-hydrogenase structures from anaerobic soil bacterium
Clostridium pasteurianum (CpI) (Peters et al., 1998) and sulfate-
reducing bacterium D. desulfuricans (DdH) (Nicolet et al., 1999).
CpI, a 60 kDa monomeric enzyme localized in the cytoplasm,
and DdH, a 53 kDa dimeric enzyme found in the periplasm, are
associatedwithH2productionandpresumablyH2uptake, respec-
tively. CpI functions in bacterial fermentation to evolveH2 by using
protons as terminal electron acceptors while disposing excess-
reducing equivalents and regenerating oxidized ferredoxin (and
flavodoxin) (Demuez et al. 2007).Generally, hydrogenases located
in the cytoplasm are associated with H2 evolution, whereas those
located in the periplasm or membrane are associated with H2
uptake (Vignais et al., 2001).
The CpI and DdH structures revealed the unique active site
metal cluster, termed the H-cluster, at which catalysis takes
place. The H-cluster exists as a [4Fe-4S] cluster connected via
a single-bridging cysteine thiolate to a binuclear 2Fe center
having biologically unique diatomic (CO and CN) and dithiolate
ligands. The H-cluster and a small number of other complex FeS
clusters have been described as a complex-bridged metal
assembly (Holm et al., 1996), which are arrangements of more
ubiquitous simple FeS clusters. Additional examples of
complex-bridged metal assemblies include the nitrogenaserved
Figure 1. Overview of [FeFe]-Hydrogenase Diversity, Structure, and Mechanism of Cluster Activation and Final Maturation
The cartoon depicts various ferredoxin-like Fe-S cluster-binding domains, gas-diffusion pathways, and a maturation channel for H-cluster insertion that
completes formation of an active [FeFe]-hydrogenase (right, CpI; PDB ID: 3C8Y). Elemental coloring scheme: C, gray; N, blue; O, red; Fe, rust; S, orange;
unknown, magenta. All molecular figures were created in PyMOL (DeLano, 2002).
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ReviewFeMo-cofactor and P-cluster, as well as the active FeS sites of
the carbon monoxide dehydrogenase/acetyl CoA synthase
complex and sulfite oxidase (Drennan and Peters, 2003). The
identity of the diatomic CO and CN ligands was originally based
on the analogy to the [NiFe]-hydrogenase, where these ligands
were demonstrated using FTIR spectroscopy (van der Spek
et al., 1996; Happe et al., 1997). Later FTIR analysis of [FeFe]-
hydrogenase confirmed this, providing additional details
regarding the nature of these ligands (Pierik et al., 1998; Nicolet
et al., 2001; Chen et al., 2002).
Analysis of crystal structures from all three classes of hydrog-
enases revealed a network of hydrophobic cavities, or packing
defects, that form pathways connecting the active site to the
surface of the enzyme (Volbeda et al., 1995; Montet et al.,
1997; Nicolet et al., 1999, 2000; Fontecilla-Camps et al., 2007;
Hiromoto et al., 2009). Molecular dynamics simulations of
[FeFe]-hydrogenase CpI, and Xe mapping of DdH and the
D. gigas [NiFe]-hydrogenase show that these can facilitate
diffusion of H2 between the bulk solvent and the active site (Mon-
tet et al., 1997; Cohen et al., 2005a, 2005b; Fontecilla-Camps
et al., 2007; Leroux et al., 2008; Liebgott et al., 2010). In addition,
the pathways make it possible for small gas molecules such as
CO and O2 to access the active site, which in the case of CO,
results in reversible inhibition and in the case of O2, results in
irreversible H-cluster destruction for [FeFe]-hydrogenases (Ben-
nett et al., 2000; De Lacey et al., 2007; Stripp et al., 2009a). A
number of [NiFe]-hydrogenases have been characterized that
can operate in the presence of O2 or in air (Burgdorf et al.,
2005; Vincent et al., 2005; Goldet et al., 2008). O2 tolerant
[NiFe]-hydrogenases have been shown to possess a uniquely
coordinated active site proximal FeS cluster that has been
functionally linked directly to O2 tolerance (Goris et al., 2011).
Significant interest surrounds molecular engineering studies
aimed at achieving hydrogenases with low levels of sensitivity
to O2 (Friedrich et al., 2011), and [FeFe]-hydrogenases are often
the target of these studies because they typically possess higher
H2-evolution rates than [NiFe]-hydrogenases (Adams, 1990).
Improving O2 tolerance of hydrogenases could allow for superior
biotechnological solutions for biohydrogen production by
making it possible to effectively couple the reducing power of
oxygenic photosynthesis to hydrogen production.StructuThe wealth of structural information on different classes and
different states of hydrogenase enzymes (Volbeda et al., 1995,
1996, 2002, 2005; Higuchi et al., 1997, 1999; Montet et al.,
1997; Peters et al., 1998; Garcin et al., 1999; Lemon and Peters,
1999; Nicolet et al., 1999; Matias et al., 2001; Shima et al., 2008;
Hiromoto et al., 2009; Marques et al., 2010; Ogata et al., 2010) as
well as additional structures of enzymes involved in the matura-
tion processes (Rosano et al., 2002; Gasper et al., 2006;
Shomura et al., 2007; Watanabe et al., 2007, 2009; Nicolet
et al., 2008; Rangarajan et al., 2008; Xia et al., 2009; Mulder
et al., 2010) has contributed significantly to our understanding
of the biochemistry of H2 metabolism. This review highlights
the state of the field in terms of our understanding of the structure
and mechanism of [FeFe]-hydrogenases and the exciting recent
insights into H-cluster biosynthesis and [FeFe]-hydrogenase
maturation (Figure 1).
[FeFe]-Hydrogenase Structural Architecture
All [FeFe]-hydrogenases that havebeenbiochemically character-
ized or identified by searches of deduced amino acid sequences
share a common architecture consisting of various compliments
of FeS cluster domains linked to the H-cluster catalytic domain.
The H-cluster domain harbors the active site, and the additional
FeS cluster domains presumably function to couple reversible
H2 oxidation to reduction or oxidation of external electron donors
and acceptors involved in various metabolic processes. The
highly conserved H-cluster binding domain, the core feature of
[FeFe]-hydrogenases, can be identified in primary sequences
by three distinct binding motifs termed L1 (TSCCPxW), L2
(MPCxxKxxE), and L3 (ExMACxxGCxxGGGxP) (Vignais et al.,
2001). Thepresenceof conservedH-cluster bindingmotifs allows
for simple identification of true [FeFe]-hydrogenases and distin-
guishes these from closely related sequences of HydA homologs
including eukaryotic narF-like gene sequences (Balk et al., 2004,
2005; Huang et al., 2007; Boyd et al., 2009, 2010).
The largest structural differences among [FeFe]-hydroge-
nases are related to their respective complement of accessory
FeS clusters (F-cluster), which putatively function to regulate
electron transfer to and/or from the H-cluster active site
(Figure 2). The accessory FeS cluster binding domains (F-clus-
ters) are typically located at the N terminus of the H-clusterre 19, August 10, 2011 ª2011 Elsevier Ltd All rights reserved 1039
Figure 2. [FeFe]-Hydrogenase CpI and Alignment of FeS Cluster-Binding Motifs of Representative [FeFe]-Hydrogenases
The colored shapes depict different F-cluster compliments from a variety of organisms (see legend in upper right). The sequence motifs below allow for iden-
tification of F-cluster and H-cluster domains. The unique histidine-ligated [4Fe-4S] cluster of CpI (left, PDB ID: 3C8Y) is shown in (A), along with structures of 23
[4Fe-4S] (B) (PDB ID: 1BLU) and [2Fe-2S] ferredoxins (C) (PDB ID: 1AWD) that are structural analogs of CpI F-cluster domains. (D) depicts the thioredoxin-like
[2Fe-2S] cluster-binding domain of Complex I subunit NuoE (PDB ID: 3IAS).
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binding domains that resemble ferredoxins (Vignais et al.,
2001; Meyer, 2007; Dubini et al., 2009). The simplest character-
ized [FeFe]-hydrogenases are observed in the chlorophycean
algae, includingC. reinhardtii,Chlorella fusca, andScenedesmus
obliquus, which express enzymes consisting of only the
H-cluster without F-cluster domains (Florin et al., 2001; Happe
and Kaminski, 2002; Forestier et al., 2003). These proteins
have been exploited more recently for biochemical and spectro-
scopic characterization because they lack the additional FeS
clusters observed in most native [FeFe]-hydrogenases that can
complicate the direct examination of the H-cluster (Kamp
et al., 2008;Mulder et al., 2009, 2010; Silakov et al., 2009a; Stripp
et al., 2009b).
When present, the accessory FeS cluster binding domains are
predominantly comprised of different combinations of a: (1) two
[4Fe-4S] bacterial ferredoxin-like domain identified in sequence
databases by a conserved arrangement of eight Cys residues
that make up the thiolate ligands to the [4Fe-4S] clusters; (2)
short domain containing a [4Fe-4S] cluster ligated by three Cys
and one His; (3) [2Fe-2S]-containing plant-type ferredoxin-like
domain; and/or (4) thioredoxin-like [2Fe-2S] cluster binding
domain with homology to the NuoE subunit of Complex I of
the respiratory chain that is found in the C terminus of some
NAD(P)H-linked hydrogenases (Figure 2) (Vignais et al., 2001;
Meyer, 2007). A distinct uncharacterized domain with eight
conserved Cys residues and a domain with homology to subunit
NuoF of Complex I are present in a subset of [FeFe]-hydroge-
nases (Vignais et al., 2001; Meyer, 2007). The FeS cluster-1040 Structure 19, August 10, 2011 ª2011 Elsevier Ltd All rights resebinding domains with homology to Complex I frequently exist
as distinct subunits in many multimeric hydrogenases, but
when present as a domain of a single polypeptide, are located
at the C-terminal end of the H-cluster domain.
Various combinations of F-cluster domain modules are
observed in different [FeFe]-hydrogenases, and Meyer (2007)
proposed a nomenclature for classification based on F-cluster
configurations (Figure 2). This phylogenetic analysis revealed
eight distinct [FeFe]-hydrogenase groups that are unique
according to domain architecture and/or subunit composition.
The structurally characterized DdH (D(M2) architecture) contains
a H-cluster domain and a two [4Fe-4S] cluster domain (Nicolet
et al., 1999). The F-cluster domain in D(M2) is typically localized
N-terminal to theH-cluster domain, and this domain organization
has been proposed to be the likely ancestral hydrogenase
architecture (Meyer, 2007). CpI (M3 architecture), which has
also been structurally characterized, has the H-cluster binding
domain, the two [4Fe-4S] cluster-binding domain, as well as
a short domain that binds a [4Fe-4S] cluster ligated by three
Cys residues and a His residue, and an N-terminal [2Fe-2S]
plant-type ferredoxin domain (Figure 2) (Peters et al., 1998).
The specific biochemical and physiological role of this unique
His-ligated cluster is not known, but it is possible that the ligand
arrangement could contribute to defining the oxidation-reduc-
tion potential of the cluster (Peters et al., 1998). The [NiFe]-
hydrogenase from D. fructosovorans also contains a distal
[4Fe-4S] cluster ligated by three Cys and a His. Site-directed
mutagenesis of the His to a Cys or a Gly still yields assembly
of the [4Fe-4S] cluster and complete protein folding; however,rved
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ReviewH2-oxidation rates measured by protein film voltammetry are
significantly decreased in the engineered enzyme (Dementin
et al., 2006). These studies suggest that the unique His ligand
of the [4Fe-4S] cluster may play a fundamental role in the intra-
and intermolecular electron transfer properties of the cluster
(Dementin et al., 2006).
The breadth of microbial genome sequencing is revealing
novel sequences phylogenetically related to HydA that indicate
increased diversity in accessory domain composition beyond
the nomenclature articulated by Meyer (2007), and adaptations
to the original nomenclature have been reported by Calusinska
et al. (2010). This updated analysis demonstrates that unique
F-cluster module variants have likely evolved in some
enzymes and that further genome sequencing efforts are likely
to reveal new accessory domain architectures beyond the
more frequently observed configurations.
Biophysical characterization of the F-clusters in the D. vulgaris
hydrogenase indicates that these clusters are independent
one-electron transfer mediators (Pierik et al., 1992). Recently,
the distal [4Fe-4S] F-cluster of the C. acetobutylicum [FeFe]-
hydrogenase has been leveraged to ‘‘wire’’ this hydrogenase
to a Photosystem I [4Fe-4S] cluster enabling facile electron
transfer from Photosystem I to the hydrogenase active site
(Lubner et al., 2010). These data are consistent with F-cluster
involvement in electron transfer to the hydrogenase active site.
For CpI, a single pathway for the transfer of electrons to and
from the active site H-cluster and external donors and acceptors
cannot be rationalized (Peters et al., 1998). The His-ligated [4Fe-
4S] cluster and the [2Fe-2S] cluster are each located close to the
opposing protein surfaces at the termini of what could be
a branched pathway. It has been proposed that this arrangement
provides the means to interact with different electron transfer
partners and may serve as some sort of metabolic switch for
the enzyme between H2 production and H2 oxidation. The
protein surface of CpI surrounding the [4Fe-4S] cluster is
distinctly positively charged in contrast to the region surrounding
the [2Fe-2S], which is distinctly negatively charged, suggesting
that the structure of the enzyme may support interactions with
multiple external electron transfer partners (Peters et al., 1998;
Peters, 1999). This property was utilized to construct hybrid
complexes of CdTe nanocrystals and [FeFe]-hydrogenase from
C. acetobutylicum capable of H2 photoproduction (Brown
et al., 2010). It is believed that the hybrid complex self-assem-
bles through favorable electrostatic interactions between the
negatively charged nanocrystal and positively charged area
around the [4Fe-4S] cluster, and it was demonstrated in silico
that ferredoxin could bind with the hydrogenase at the positively
charged area around the [4Fe-4S] cluster (Brown et al., 2010).
The physiological implications of the diverse combinations of
F-cluster modules are not well understood. It is clear from the
algal H-cluster only hydrogenases, and transgenic deletion of
the F-cluster domains from bacterial enzymes, that the F-clus-
ters are not essential for H-cluster activity or interactions with
some ferredoxins (King et al., 2006). It is likely that various
configurations of F-cluster domains enable specific metabolic
interactions, subcellular localizations, and redox partner associ-
ations; however, firm experimental evidence establishing this is
not available in most cases. Recent studies on the trimeric
[FeFe]-hydrogenase from Thermotoga maritima indicate that itsStructuF-cluster complement and associated subunits enable the
synergistic oxidation of both NADH and ferredoxin by what is
now being classified as a bifurcating enzyme (Schut and Adams,
2009). Neither NADH nor ferredoxin alone can serve as the sole
electron donor to the T. maritima enzyme, but in combination
stimulate H2 production. It is proposed that this widespread
enzyme architecture couples the oxidation of ferredoxin to the
oxidation of NADH to maximize the metabolic efficiencies of
fermentation (Schut and Adams, 2009). This proposal is consis-
tent with the key structural and functional differences in the
[FeFe]-hydrogenases being related to cellular location and elec-
tron donor/acceptor partners. Future research efforts are likely
to uncover additional features and physiological roles related
to the F-clusters.
[FeFe]-Hydrogenase Active Site Structure
The active site domain is common to all [FeFe]-hydrogenases, is
the largest domain (350 amino acid residues), and exists as
a pseudosymmetric structure in which two twisted b sheet
regions come together to form a cleft in which the H-cluster is
located. Covalent coordination of the 6Fe H-cluster is provided
by four Cys thiolates, two provided by each pseudosymmetric
half. For CpI the cleft that binds the H-cluster is covered by the
C terminus, which wraps around the cleft perpendicular to the
approximate pseudosymmetric axis. In the dimeric DdH struc-
ture, the role of the C terminus of CpI is supplanted by the small
subunit, which also carries the determinants that direct the
enzyme to the twin arginine transporter for localization to the
periplasm. The H-cluster is comprised of a [4Fe-4S] cubane
linked to a 2Fe unit coordinated by five diatomic CN and CO
ligands, as well as a nonprotein dithiolate ligand (Figure 3). CO
and CN act as p-acid synergistic ligands and form strong
metal-ligand bonds, undergoing metal-to-ligand back bonding,
which stabilizes the Fe in low oxidation states. Accordingly, the
2Fe subcluster of the oxidized state of [FeFe]-hydrogenases
(Hox) can be described as a low-spin S = ½ state with an Fe(II)/
Fe(I) pair (Adams, 1990; Popescu and Mu¨nck, 1999; Cao and
Hall, 2001; Pereira et al., 2001), with the distal Fe site proposed
as the site for H2 catalysis (Lemon and Peters, 1999). CO has
been implicated in controlling H2 catalysis via redox-dependent
changes in occupation of a frontier orbital associated with the
bridging CO (Liu and Hu, 2002b), whereas CN is linked to
fine-tuning the HOMO to LUMOenergy gap to ensure facile elec-
tron transfer from the cubane to the 2Fe subcluster (Bruschi
et al., 2010). These properties facilitate H2 binding and reversible
H2-oxidation properties normally found in second and third
row transition metals (Kubas, 2007; Armstrong and Fontecilla-
Camps, 2008).
The CpI and DdH active site structures presumably represent
different oxidation states of the H-cluster (Hox and Hred, respec-
tively) and differ in coordination of the Fe of the 2Fe subcluster
distal to the [4Fe-4S] subcluster (Figure 3) (Nicolet et al., 2000).
In the CpI structure, presumed to represent the Hox state of the
enzyme, the distal Fe is in an octahedral coordination environ-
ment with two thiolate sulfurs from the dithiolate ligand, two
CO ligands (terminal and bridging), a terminal CN ligand, and
a terminally bound water molecule (Peters et al., 1998; Chen
et al., 2002). In the DdH structure, presumed to represent the
Hred state of the enzyme, the water molecule observed in Hoxre 19, August 10, 2011 ª2011 Elsevier Ltd All rights reserved 1041
Figure 3. Structural Models of H-cluster Oxidation States
Representations were based upon the structural observations of the CO-
inhibited state and presumed oxidized state of CpI (Peters et al., 1998; Lemon
and Peters, 1999) and the reduced state of DdH (Nicolet et al., 2001). The blue
arrow indicates the ligand-exchangeable site located at the distal Fe. The
magenta ‘‘X’’ indicates the dithiolate bridgehead group that is likely to be CH2,
NH/NH2
+, or O.
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a square pyramidal geometry (Nicolet et al., 1999, 2001). The
bridging CO ligand has been observed by FTIR of the anaerobi-
cally oxidized CpI at 1802 cm1 (Chen et al., 2002); however, this
ligand is terminally bound in reduced DdH (reduced by incuba-
tion under H2, photoreduction with deazariboflavin, or reaction
with reduced methyl viologen) and appears at 1894 cm1 (Pierik
et al., 1998; Nicolet et al., 2001). Because DdH crystals were
grown in the presence of H2 and equilibrated under an overpres-
sure of H2 during freezing, it is likely that a hydride or H2 is
bound at the distal Fe of the 2Fe subcluster (Nicolet et al.,
2000). These structural observations associated with the differ-
ent oxidation states of the H-cluster indicate the presence of
a ligand-exchangeable coordination site at the distal Fe of the
2Fe subcluster.
Similar to [NiFe]-hydrogenases, [FeFe]-hydrogenases are
reversibly inhibited by the addition of exogenous CO (Thauer
et al., 1974). EPR studies have demonstrated that inhibition by
CO is reversible (Bennett et al., 2000), and additional EPR and
FTIR studies have demonstrated that the inhibitory CO can be
selectively photolyzed (Thauer et al., 1974; Lemon and Peters,
2000; Chen et al., 2002). In the oxidized state the H-cluster of
CpI displays a characteristic rhombic EPR signal that is replaced
by an axial signal after addition of CO (Bennett et al., 2000). An
X-ray crystal structure of the CO-inhibited state of CpI (Hox-CO)
clearly demonstrates that CO binding occurs at the same
location as the H2O molecule in the Hox state, at the ligand-
exchangeable site (Figure 3) (Lemon and Peters, 1999). This
observation, along with the structural differences observed for
the enzyme in various oxidation states, indicates that H2 binding1042 Structure 19, August 10, 2011 ª2011 Elsevier Ltd All rights resemay occur at the distal Fe atom of the 2Fe subcluster (Nicolet
et al., 2000). Recently, it was shown that formaldehyde also
reversibly inhibits [FeFe]-hydrogenase, and it is proposed that
formaldehyde binds at the distal Fe of the 2Fe subcluster, at
the dithiolate ligand, or at one of the neighboring residues that
interact with the cluster (Wait et al., 2011).
The aforementioned observations begin to provide mecha-
nistic clues as to how reversible H2 oxidation takes place at
the 2Fe subcluster, and a scheme can be proposed in which
the ligand-exchangeable site is occupied by a water molecule
in the oxidized state, but when the metal cluster is reduced or
H2 is available as a coordinating group, water is displaced by
the formation of a hydride or by the binding of H2. Heterolytic
H2 bond cleavage could take place at the terminal position of
the distal Fe site (Cao and Hall, 2001; Fan and Hall, 2001; Nicolet
et al., 2001; Liu and Hu, 2002a). Interestingly, characterization of
the [FeFe]-hydrogenase (HydA1) from C. reinhardtii by FTIR
spectroelectrochemistry revealed the bridging CO ligand in
both the Hox and Hred states, leading further support to the
idea that H2 binding takes place at the ligand-exchangeable
site at the distal Fe (Silakov et al., 2009a). A wide variety of
studies involving inorganic synthetic model complexes of the
active site of [FeFe]-hydrogenases that probe the mechanism
of the enzyme have also been reported, and it should be noted
that hypotheses involving bridging hydrides have also been put
forth (for review see, Tard and Pickett, 2009). Nevertheless, addi-
tional X-ray crystal structures of hydrogenases purposefully
poised in different redox states could yield important insights
into deciphering remaining details of the mechanism of hydrog-
enase catalysis by the unique active site cluster.
Although the 2Fe subcluster of the H-cluster is coordinated by
only a single-shared Cys thiolate ligand from the protein, it does
have a number of noncovalent interactions that both tune the
H2 activation properties of the cluster and stabilize it in the
binding site (Figure 4). For CpI, amino acid residues within
hydrogen bonding distance of CO and CN ligands include: (1)
Ser232 (Og) with the terminal CN ligand (2.8 A˚) on the proximal
Fe (Figures 4A and 4B); (2) Lys358 (Nz) with the terminal CN
ligand (2.9 A˚) on the distal Fe (Figures 4B and 4C); and (3)
Met353 (S) with the bridging CO ligand (3.2 A˚) (Figure 4B).
Surprisingly, Ser232 is not conserved in the DdH structure in
which the equivalent residue is Ala109; however, the peptide
bond amide of this residue supplants the role of the Ser
hydroxyl in hydrogen bonding to the CN ligand (Nicolet et al.,
2000). CpI residues in the environment of the bridging sulfur
atoms of the dithiolate ligand include the peptide carbonyl
bonds of Phe417 and Cys299 at 3.4 and 3.6 A˚ away, respec-
tively. (Figure 4C). CpI residues in near proximity to the dithiolate
ligand include Met497 and Cys299 sulfurs, which are 3.6 A˚
away from the bridgehead atom (Figures 4A and 4C). In
addition, Cys299 is at a distance of 3.7 A˚ from the terminal
H2O molecule on the distal Fe atom of the oxidized H-cluster
(Figure 4C). It has been suggested that this residue could donate
protons for H2 formation during catalysis (Peters et al., 1998).
Hydrophobic residues Ile268, Ala272, Pro324, Val423, and
Phe416 create a pocket around the 2Fe subcluster protecting
it from solvent.
The chemical composition of the bridging dithiolate, specifi-
cally the identity of the central group, has not been determinedrved
Figure 4. Protein Environment of the
H-cluster
Dashes represent interactions of various residues
(labeled) with the 2Fe subcluster and nonprotein
ligands. The coordinates are from PDB ID: 3C8Y.
Elemental coloring scheme: C, gray; N, blue; O,
red; Fe, rust; S, orange; unknown, magenta.
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as 1,3 propanedithiolate (PDT) (Nicolet et al., 1999), the assign-
ment was soon revised to dithiomethylamine (DTMA), based
on potential for the secondary amine group to act as a
catalytic base during turnover (Nicolet et al., 2001). A number
of theoretical studies suggest that the presence of nitrogen is
favorable for protonation mechanisms (Fan and Hall, 2001;
Liu and Hu, 2002b), although a recent FTIR stopped-flow
experiment on [FeFe]-model complexes containing a variety
of different bridging ligands indicates that the presence of
nitrogen at the bridgehead position does not enhance the
rate of metal-metal bond protonation (Wright et al., 2011).
Two separate DFT studies based on the high-resolution CpI
crystal structure support either dithiomethylether (DTME) or
DTMA as ligands (Pandey et al., 2008; Ryde et al., 2010);
however, these works rely on only small differences to discrim-
inate between the two, and it is unclear whether, if DTMA, the
amine can cycle between protonation states (Pandey et al.,
2008). Additional DFT computational analysis of dithiolate-
ligand biosynthesis, utilizing a two-stage reaction involving an
initial carbon-based radical formation followed by the genera-
tion of an internal alkyl radical, is thermodynamically favorable
for synthesis of PDT, DTME, or DTMA (Grigoropoulos and Szi-
lagyi, 2010). Experimental support for the presence of nitrogen
at the bridgehead position of the putative DTMA ligand was
provided by a 14N nuclear quadrupole and hyperfine spectro-
scopic study of DdH; this report assigned the observed quad-
rupole coupling to the ammonium group of Lys237, the nitrogen
of the distal cyanide ligand, and the bridgehead nitrogen of a
DTMA ligand (Silakov et al., 2009b). Similar experimental
studies of a H-cluster model complex containing an azadithio-
late-bridging ligand without any other nitrogen atoms in its
environment yielded similar hyperfine coupling components
as the enzyme, providing additional support for nitrogen as
the bridgehead atom (Erdem et al., 2011). Further computa-
tional analysis of the H-cluster embedded in a 3.5 A˚ protein
environment and compared to analogous model complexes
has demonstrated notable distinctions between the paramag-
netic properties of the bridgehead group in the enzyme and
the models, suggesting that the network of interactions housing
the H-cluster acts to limit the localization of atomic spin
density at the bridgehead atom position (Giles et al., 2011).
Clearly, there are still questions to be answered with regard
to the composition and the potential mechanistic relevance of
the nonprotein dithiolate of the H-cluster, ambiguities that
would be resolved by some direct chemical composition anal-
ysis of the ligand itself or the elucidation of the mechanism of
its biosynthesis.StructuHydrogenase Maturation Protein Machinery
The identification and involvement of maturation proteins in the
synthesis of the H-cluster were initially discovered in screens
of mutant C. reinhardtii strains incapable of H2 production
(Posewitz et al., 2004). The mutations were mapped to two
genes, hydEF and hydG. Genes encoding for HydE, HydF, and
HydG are present in all organisms demonstrated to be
capable of synthesizing an active HydA (Meyer, 2007). In several
green algae, hydE and hydF are fused (Bo¨ck et al., 2006), but in
the majority of microorganisms and all bacteria, hydE and
hydF exist as separately transcribed genes. The deduced
amino acid sequences of HydE and HydG revealed canonical
CX3CX2C sequence motifs characteristic of members of the
radical S-adenosylmethionine (SAM) superfamily of enzymes.
HydF has an N-terminal GTPase domain comprised of the
Walker A P-loop and Walker B Mg2+-binding motifs and a C-ter-
minal domain with conserved Cys and His residues. Further
insights were obtained from amino acid substitution studies
demonstrating that the radical SAM motif in both HydE and
HydG, as well as the P loop motif and FeS binding motif
of HydF, were all essential for the maturation of HydA (King
et al., 2006).
Preliminary characterization of reconstituted HydE and HydG
from T. maritima demonstrated that HydE bound two [4Fe-4S]
clusters, and HydG bound a single [4Fe-4S] cluster (although it
was suggested from the presence of shoulders on the low-
and high-field EPR signal that an additional cluster was bound),
and both enzymes could cleave SAM nonproductively (Rubach
et al., 2005). Reconstituted HydF was found to bind a single
[4Fe-4S] cluster and hydrolyze GTP to GDP (Brazzolotto et al.,
2006).
These experimental observations helped to shape a hypothet-
ical pathway for H-cluster biosynthesis, thereby providing
a framework for additional investigation (Peters et al., 2006).
HydE and/or HydG was proposed to be responsible for the
synthesis of the bridging dithiolate ligand in the first step of
the chemical modification of a [2Fe-2S] cluster. Subsequent
generation of a glycyl radical by HydE and/or HydG and the
interaction of this radical with an Fe(I)-thiolate site resulted in
exothermic decomposition, yielding a CO, CN, and H2O-coor-
dinated Fe(I) center (Peters et al., 2006). HydF was proposed
to serve as a scaffolding protein in this process, with cluster
translocation from HydF to HydADEFG resulting in formation of
holo [FeFe]-hydrogenase. The aforementioned hypothesis
provided a framework for the first generation of biochemical
experiments from our group demonstrating initially that HydA
heterologously expressed in a genetic background devoid of
HydE, HydF, and HydG (HydADEFG) could be activated byre 19, August 10, 2011 ª2011 Elsevier Ltd All rights reserved 1043
Figure 5. Hypothetical Scheme for [FeFe]-Hydrogenase (HydA) H-Cluster Activation by Maturation Enzymes HydE, HydF, and HydG
In the molecular representations of 2Fe subcluster precursors and the H-cluster, the magenta ‘‘X’’ indicates the dithiolate bridgehead group that is likely to be
CH2, NH/NH2
+, or O.
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which were coexpressed (McGlynn et al., 2007). Further studies
suggested that the simultaneous expression of HydE, HydF,
and HydG generated an activating component that was protein
associated, and that this activating component was then trans-
ferred to HydADEFG to generate mature active [FeFe]-hydroge-
nase. It was subsequently demonstrated that the component
capable of activating HydADEFG resides on HydF and that this
form of HydF could be purified (McGlynn et al., 2008). More
detailed studies probing the specific actions of HydE, HydF,
and HydG on HydADEFG (outlined below) have provided addi-
tional evidence to support this H-cluster biosynthetic pathway
(Figure 5).1044 Structure 19, August 10, 2011 ª2011 Elsevier Ltd All rights reseStructural Insights into Hydrogenase Maturation
The crystal structure of HydADEFG from C. reinhardtii heterolo-
gously expressed in E. coli provided important clues into the
maturation process and cluster insertion (Figure 6A) (Bethel
et al., 2010; Mulder et al., 2010). The structural analysis (Mulder
et al., 2010) together with detailed biochemical and spectro-
scopic characterization revealed that only the [4Fe-4S] cubane
is present at the active site (Mulder et al., 2009), indicating that
the [4Fe-4S] subcluster is synthesized by the E. coli house-
keeping FeS cluster biosynthetic machinery before the synthesis
and insertion of the 2Fe subcluster by the specialized hyd-
encoded maturation machinery (Mulder et al., 2010; Shepard
et al., 2011). Insertion of the 2Fe subcluster presumably occursFigure 6. Structural Insights and Analysis
of HydADEFG Maturation
(A) Structural representation of HydADEFG from
C. reinhardtii (PDB ID: 3LX4) and zoom of the
active site [4Fe-4S] cluster environment. The
representation is colored according to secondary
structure with the two conserved loop regions
colored violet. Residue numbering is according to
NCBI GenBank accession number AAL23572.1.
Elemental coloring scheme: C, green; N, blue; O,
red; Fe, rust; S, orange.
(B) Hypothetical visualization of 2Fe cluster
incorporation by loop closure in HydADEFG. The
loop linear interpolation (calculatedwith theMorph
Server, http://www.molmovdb.org/molmovdb/
morph/) begins at the open HydADEFG conforma-
tion (light violet) and ends at the closed homology
of CpI conformation (dark violet).
(C) Potential salt bridges that may contribute
toward stabilization of CpI (PDB ID: 3C8Y).
Elemental coloring scheme: C, green; N, blue; O,
red; Fe, rust; S, orange; unknown, magenta.
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Figure 7. Protein Channel for 2Fe
Subcluster Insertion during [FeFe]-
Hydrogenase Maturation
(A) Transparent surface representation of
HydADEFG (PDB ID: 3LX4) with channel-exposed
residues represented as sticks. The [4Fe-4S]
cluster (ball representation) present near the end
of the channel is visible through the partial trans-
parent surface rendering.
(B) Superimposition of the two conserved loop
regions (cartoon representation) showing struc-
tural rearrangement along with the 2Fe subcluster
from CpI on HydADEFG (surface representation).
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subcluster incorporation by conformational changes in two
conserved loop regions. This stepwise mechanism for cluster
insertion involving protein structural rearrangement is not
restricted to [FeFe]-hydrogenases, and similar mechanisms
involving cluster and cofactor insertion have been proposed for
nitrogenase (Schmid et al., 2002) and recently for [Fe]-hydroge-
nase (Hiromoto et al., 2009). For the [Fe]-hydrogenase,
substrate- and inhibitor-induced changes in circular dichroism
and IR spectra suggest that the enzyme undergoes a conforma-
tional change between an open to closed active site cleft during
binding of the substrate methylene-H4MPT (Hiromoto et al.,
2009). The common themes in cluster synthesis and insertion
may indicate that stepwise synthesis and evolution of complex
metal clusters may be more pervasive.
Comparison of the structure of C. reinhardtii HydADEFG to the
H-cluster domain of CpI (fully matured) has provided several
insights into the mechanism of cluster insertion. Because the
CpI and C. reinhardtii [FeFe]-hydrogenases share significant
primary amino acid sequence homology, especially in the region
of the H-cluster, the structure of CpI can be compared to the
C. reinhardtii [FeFe]-hydrogenase HydADEFG, implicating confor-
mational changes that presumably occur upon H-cluster inser-
tion. (It should be noted that residue numbers reported herein
for HydADEFG are according to NCBI GenBank accession
number AAL23572.1 and are slightly different than the publica-
tion (Mulder et al., 2010) describing the structure, where the
numbering was reported according to the construct with the
addition of an N-terminal polyHis tag for affinity purification.)
Two residues in the active site region of HydADEFG, Phe290
and Gly291 (corresponding to CpI residues Phe417 and
Gly418), show major structural differences and belong to the
conserved loop region mentioned above. The structural rear-
rangement of these residues in HydADEFG creates a connection
between the open cavity and channel, providing a clear pathway
for 2Fe subcluster insertion to its destination adjacent to the
[4Fe-4S] subcluster. Other residues in the immediate vicinity of
the active site show little deviation from the corresponding
residue position in native CpI. Lys228, which hydrogen bonds
to a cyanide ligand of the H-cluster in the intact hydrogenase,
and Cys421, the only protein ligand for the 2Fe subcluster,
display no significant structural rearrangement (Figure 6A). The
effect of the absence of the 2Fe subcluster in the active site
can most notably be observed on residue Cys169. AlthoughStructuCys169 is located at the same position of the corresponding
residue in native CpI (Cys299), it can apparently adopt different
rotamers. In CpI it has been suggested that the Cys residue
may interact with the bridging dithiolate ligand of the 2Fe
subcluster (see Figure 4C) (Peters et al., 1998). In HydADEFG,
Cys169 has increased conformational freedom, and its side-
chain sulfur atom is observed in three different conformational
states, consistent with the lack of a specific interaction with
the 2Fe subcluster.
The implied structural changes in two conserved loop regions
in HydADEFG, which creates an accessible channel to the active
site, lead to an alternate conformation upon insertion of the
2Fe subcluster. The conformational change after maturation
results in a closed channel and shielding of the active site from
solvent. This process is depicted in Figure 6B, which shows
a linear interpolation simulation of the loops moving from
the open (HydADEFG) to the closed conformation (CpI) upon
insertion of the 2Fe subcluster. The homologous loop regions
in CpI, which are in the final matured state, may be stabilized
in part by a series of salt bridge interactions set in place
by Arg449 with Glu425, cascading to a series of other salt
bridge interactions, including Glu425:Arg429, Arg429:Asp534,
Asp534:Arg540, and Arg540:Glu444 (Figure 6C).
Structural analysis of the channel formed by the loop rear-
rangement has given insight into the mechanism for insertion
of the 2Fe subcluster (Figure 7). The channel is solvent exposed,
and many water molecules are observed to occupy the
channel and the cavity adjacent to the [4Fe-4S] cubane in the
crystal structure, suggesting that 2Fe subcluster insertion may
be entropically driven. The surface of the channel is partially
lined with positively charged residues, which could provide a
favorable interaction for the presumably negatively charged
2Fe subcluster during insertion. A closer examination reveals
that the protein surface at the channel opening is comprised of
Asp325, Glu320, Lys328, Arg315, Lys449, Gln437, and Lys433,
(Figure 7A). These residues could possibly interact with HydF
by electrostatic interactions to facilitate the formation of
a protein-protein complex during cluster transfer, and/or with
the 2Fe subcluster during the initial stages of insertion. Addi-
tional residues located on the surface of the channel leading to
the H-cluster binding site include Glu413, Met415, Cys421,
Cys169, Met223, and Lys228 (Figure 7A). These residues could
help direct the 2Fe subcluster to its final location through forma-
tion of a transient network of bonding interactions. Cys421re 19, August 10, 2011 ª2011 Elsevier Ltd All rights reserved 1045
Figure 8. Spectroscopic Analysis of HydF in Different Genetic
Backgrounds
EPR spectra (top) are of photoreduced HydFDEG (black trace, [4Fe-4S]+ signal
with gk = 2.05 and gt = 1.89 that overlaps a second axial signal attributed to
a [2Fe-2S]+ cluster with g values of 2.01 and 1.96) and photoreduced HydFEG
(blue trace, [4Fe-4S]+ signal with gk = 2.05 and gt = 1.89). FTIR spectrum of
HydFEG (bottom left) reveals metal-coordinated CO and CN vibrations that
are absent in HydFDEG. These figures are reprinted with permission from PNAS
(Shepard et al., 2010b). The hypothetical scheme (right) depicts the different
FeS cluster states of HydFDEG and HydFEG. Elemental coloring scheme:
C, gray; N, blue; O, red; Fe, rust; S, orange; unknown, magenta.
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CpI, equivalent residues to Met415, Cys169, Met223, and
Lys228 have all been shown to interact with the 2Fe subcluster
(see above). Superimposition of CpI on HydADEFG does in fact
show that the 2Fe subcluster resides at the end of the channel
(Figure 7B).
Interestingly, the channel observed in HydADEFG partially over-
laps with hydrophobic gas diffusion pathways previously identi-
fied by analysis of available X-ray crystal structures (Nicolet
et al., 1999; Fontecilla-Camps et al., 2007) and temperature-
controlled locally enhanced sampling as well as volumetric
solvent accessibility method calculations on CpI (Cohen et al.,
2005a, 2005b). Specifically, the channel overlaps with a cavity
that is defined by a hydrophobic region near the 2Fe subcluster
where two gas diffusion pathways meet (Cohen et al., 2005a).
Thismay indicate that the structural and conformational changes
associated with maturation also affect the active site accessi-
bility to gases or the diffusion pathways of the protein. Protein-
engineering efforts aimed at creating a hydrogenase that is O2
tolerant and/or has decreased levels of O2 sensitivity bymutating
amino acids at these hydrophobic pathways have not yet
produced a more tolerant enzyme, and also exhibit secondary
effects on the activity and stability of the enzyme (Lautier et al.,
2011).
Stepwise Biosynthesis of the H-cluster: HydF as an
Assembly Scaffold
Initial analysis of purified HydE, HydF, and HydG proteins from
coexpressions in which all three proteins were present (HydEFG,
HydFEG, and HydGEF) revealed that only HydF from this genetic
background (HydFEG) was capable of activating HydADEFG,
whereas HydF expressed in the absence of HydE and HydG
(HydFDEG) was not able to activate HydADEFG (McGlynn et al.,
2007, 2008). Importantly, the activation of HydADEFG by HydFEG
did not require the presence of HydE and HydG, nor did it require
the addition of exogenous small molecules. This suggests that
a H-cluster precursor is formed on HydF by the actions of
HydE and HydG and that the precursor is then transferred to
HydA to generate the active holoenzyme. These results implicate
HydF in acting as an assembly scaffold, analogous to the scaf-
fold-coordinated synthesis of the FeMo-cofactor of nitrogenase
(Shepard et al., 2011).
Further insight into the maturation of the H-cluster has been
provided by EPR and FTIR spectroscopic analysis of HydF that
probed changes in cluster composition associatedwith the pres-
ence or absence of HydE and HydG during expression of HydF
(Figure 8). The as-purifed form of purified HydF, coexpressed
either in the presence or absence of HydE and HydG, displays
a small EPR signal attributed to [3Fe-4S]+ clusters that disap-
pears upon reduction. Following reduction, EPR signals consis-
tent with both [4Fe-4S]+ and [2Fe-2S]+ clusters are observed for
HydF expressed without HydE and HydG, and only a [4Fe-4S]+
cluster signal is observed upon reduction when HydF is ex-
pressed with HydE and HydG (Figure 8). The presence of GTP
enhances the paramagnetic signal intensity of the FeS clusters
bound to HydF (Shepard et al., 2010b), but biochemical studies
have shown that the GTPase functionality of HydF is unaffected
by FeS cluster content. Together, these results support the
possibility that HydF has two active sites (the FeS cluster site1046 Structure 19, August 10, 2011 ª2011 Elsevier Ltd All rights reseand the P-loop GTP-binding site), which are independent from
one another but that communicate, similar to what has been
purported for the ATP-binding nitrogenase Fe protein (Ryle
et al., 1996; Ryle and Seefeldt, 1996; Jang et al., 2004). Activity
assays confirm that the GTPase functionality of HydF is likely
associated with the chemical reactions carried out on HydF by
either HydE or HydG, and clearly demonstrate that GTP hydro-
lysis is not required for subsequent activation of HydADEFG by
HydFEG (Shepard et al., 2010b).
FTIR spectroscopy is consistent with a CO and CN ligated Fe
species on HydFEG that is analogous to the H-cluster, whereas
these bands are clearly absent in HydFDEG (Figure 8) (Shepard
et al., 2010b). Bands consistent with the two terminal CN
ligands and two CO ligands are readily apparent on HydFEG,
and the weak bands in the 1850 cm1 region result from
a bridging CO ligand. Although the FTIR spectra do not clarify
the chemical composition of the CO and CN coordinated Fe
species on HydFEG, it has been proposed that the [2Fe-2S]
cluster observed by EPR in HydFDEG becomes modified by the
actions of HydE and HydG to an EPR-silent 2Fe precursor
(Shepard et al., 2010b). EPR spectroscopic analysis of HydF
from C. acetobutylicum homologously overexpressed in the
presence of HydE and HydG suggested the presence of
a [4Fe-4S]2+/+ cluster bound to HydF, and FTIR analysis of this
enzyme showed the presence of CO and CN coordinated Fe
species (Czech et al., 2010). A vibration at 1811 cm1 presentrved
Structure
Reviewin oxidized HydFEG was attributed to a Fe-CO-Fe species,
thereby providing support for a binuclear cluster resembling
the 2Fe subcluster of the H-cluster that is likely bound to HydF
in this state.
Additional characterization of the FeS cluster states of HydF
homologously overexpressed in C. acetobutylicum in a genetic
background of HydE and HydG (active, HydFEG) and HydF over-
expressed in E. coli in a background lacking HydE and HydG
(inactive, HydFDEG) were analyzed by X-ray absorption spectros-
copy (Czech et al., 2011). In this spectroscopic analysis, active
and inactive HydF showed Fe-Fe distances typical of [4Fe-4S]
clusters (2.7 A˚) and shorter Fe-Fe distances (2.5 A˚) that
were attributed to a 2Fe unit (Czech et al., 2011). In our work,
temperature-dependent EPR relaxation spectral properties of
HydFEG and HydFDEG indicate that each cluster is a separate
spin system (Shepard et al., 2010b). Furthermore, HYSCORE
EPR studies on reconstituted T. maritima HydFDEG suggested
that the fourth ligand of the [4Fe-4S] cluster was solvent acces-
sible and exchangeable with exogenous imidazole (Brazzolotto
et al., 2006). Similar studies on C. acetobutylicum HydFEG sug-
gested that the bound [4Fe-4S] center contains nitrogen ligation
likely supplied by a conserved His residue (Czech et al., 2011).
The role of the [4Fe-4S]2+/+ cluster bound by HydF is unclear.
Given that all available data suggest that only the 2Fe subcluster
is transferred from HydFEG to HydADEFG (McGlynn et al., 2008;
Mulder et al., 2009, 2010; Shepard et al., 2010b), it seems
unlikely that the 2Fe subcluster is bound to the [4Fe-4S] center
in a manner analogous to the H-cluster because this would
invoke the need for a ligand-exchange interaction to take place
between HydF and HydADEFG. From initial analysis it appears
that there are no surface-exposed residues in the HydADEFG
positively charged channel that could function in this manner
(Mulder et al., 2010). Furthermore, comparison of the g values
for oxidized samples of HydF and HydA indicate that the
exchange coupling present in the H-cluster is absent in HydF,
denoting that the 2Fe and [4Fe-4S] clusters present in HydF
are not bound in the same manner as the H-cluster (Czech
et al., 2011).
Regardless of whether or not these two clusters in HydFEG
interact with one another, the [4Fe-4S] cluster may have a redox
role in 2Fe subcluster maturation and/or insertion. Because
HydFEG contains CO and CN coordinated Fe species bound
to a 2Fe center, these irons likely exist in a low oxidation state
(Czech et al., 2010, 2011; Shepard et al., 2010b), and electron
transfer into the 2Fe center may accompany addition of these
p-acid ligands during synthesis of the 2Fe subcluster on HydF.
From the observed effects of GTP on the EPR signature for the
reduced clusters on HydF, as well as the enhanced GTP hydro-
lysis rates observed in the presence of HydE and HydG (Shepard
et al., 2010b), we suggest that the ultimate role of GTP binding
and hydrolysis in cluster assembly may be linked to structural
changes in HydF that result in altered interactions with HydE
and HydG, and/or by perturbation of the electronic environment
where the 2Fe subcluster is formed.
Radical SAM Chemistry in H-cluster Biosynthesis
HydG shares 27% sequence identity with ThiH (Pilet et al., 2009),
a radical SAM enzyme that cleaves tyrosine to yield p-cresol and
dehydroglycine (DHG), the latter of which is ultimately incorpo-Structurated into thiamine pyrophosphate (Kriek et al., 2007). Subse-
quently, Pilet et al. (2009) demonstrated that HydG also uses
tyrosine as a substrate to form p-cresol. Studies of the cell-
free synthesis of [FeFe]-hydrogenase demonstrated that the
addition of cysteine with either tyrosine or 3,4-dihydroxy-L-
phenylalanine to dialyzed cell extracts containing HydE, HydF,
and HydG resulted in a 4- to 5-fold increase in [FeFe]-hydroge-
nase activity, thereby supporting a role for tyrosine in H-cluster
maturation (Kuchenreuther et al., 2009). Unlike ThiH and
uncommon to radical SAM enzymes, HydG contains an addi-
tional 90 amino acids on its C-terminal end having a motif of
conserved cysteine residues (CX2CX22C) that have been shown
to be essential for biosynthesis of active HydA in vivo (King et al.,
2006). It was hypothesized that a [2Fe-2S] cluster present in the
accessory domain of HydG, predicted from secondary structure
assignments to sit at the bottom of the TIM barrel fold, acted as
the site for two subsequent decarboxylation reactions of DHG
to yield the coordinated DTMA ligand of the 2Fe subcluster
(Rubach et al., 2005; Pilet et al., 2009), which subsequently could
be transferred toHydF prior to delivery of the diatomic ligands via
interaction with HydE (Nicolet et al., 2010).
However, more recently, it was demonstrated that CN and
CO are produced during HydG-catalyzed tyrosine cleavage
(Figure 9) (Driesener et al., 2010; Shepard et al., 2010a). Impor-
tantly, chemical reconstitution of HydG with iron and sulfide
was a critical step for demonstrating enzymatic activity because
CN and CO could not be detected in assays with as-
isolated HydG. Temperature-dependent EPR relaxation studies
comparing reduced HydG enzyme in the presence and absence
of SAM provided support for the presence of two [4Fe-4S]+ clus-
ters in active HydG (Shepard et al., 2010a). Acidification of assay
mixtures containing HydG, sodium dithionite, SAM, and tyrosine
revealed near stoichiometric production of deoxyadenosine,
p-cresol, and cyanide; the remaining, unidentified reaction pro-
duct resulting from Ca-Cb tyrosine bond cleavage was deemed
a ‘‘carboxylate fragment’’ (Driesener et al., 2010). Notably, low
levels (%10%) of glyoxylate (the hydrolysis product of DHG)
were quantified during turnover conditions, thereby implicating
DHG as a key intermediate species in CN formation (Driesener
et al., 2010). Although CN and CO have not been detected
concurrently, kcat values for CO and CN
 formation are compa-
rable, suggesting that the diatomic ligands are produced from
the same intermediate species (Driesener et al., 2010; Shepard
et al., 2010a). A potential mechanism accounting for the produc-
tion of CO and CN from the same precursor molecule in a
single step would be decarbonylation of DHG (Driesener et al.,
2010; Roach, 2011), which has chemical precedence (Dean
et al., 1976). Importantly, the use of deoxyhemoglobin as a
reporter molecule for CO precluded the use of protein-denatur-
ation techniques as was employed for CN detection, and may
help to explain the lower overall detection of CO.
Recent mutagenesis work on C. acetobutylicum HydG
suggests that CO production depends on the presence of the
second Fe-S cluster, presumed to be [4Fe-4S] in nature,
whereas CN production occurs independently of the C-terminal
cluster (Nicolet et al., 2010; Tron et al., 2011). Nicolet et al. (2010)
propose that homolytic tyrosine cleavage results in a glycyl
radical that undergoes protonation and subsequent decarboxyl-
ation to yield H2C=NH (an intermediate in HCN production)re 19, August 10, 2011 ª2011 Elsevier Ltd All rights reserved 1047
Figure 9. Summary of the HydG Spectroscopic Data
EPR spectra (bottom right) are of reduced reconstituted, active HydG (black
trace, g = 2.03, 1.92, 1.90) and reduced reconstituted, active HydG in the
presence of SAM (blue trace, gcluster1 = 2.02, 1.93, 1.91 and gcluster2 = 2.00,
1.87, 1.83), which indicates the presence of two [4Fe-4S]+ clusters. The graph
(upper left) shows the timescale for formation of carboxyhemoglobin (Hb-CO)
from deoxyhemoglobin, which is catalyzed by HydG through addition of SAM,
tyrosine, and a reductant. The correlating UV-visible spectra (top right) show
the disappearance of deoxyhemoglobin (blue trace) and appearance of
carboxyhemoglobin (red trace) during the assay of HydG-catalyzed CO
formation. These figures are reprinted with permission from Shepard et al.
(2010a). Copyright 2010, American Chemical Society.
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, where the latter may be reduced at the site-differen-
tiated Fe of the C-terminal [4Fe-4S]+ cluster to yield a metal-
bound CO species. This intriguing mechanism might help
account for the low levels of CO detected with fully reconstituted
native HydG becausemetal-bound COwould likely remain asso-
ciated with HydG (Shepard et al., 2010a). However, this mecha-
nism raises the question as to how HydG would control CN
delivery to HydF; presumably, CO delivery is controlled by
complexation to the site-differentiated C-terminal [4Fe-4S]
cluster. Moreover, formation of one free or HydG-bound CN
and one CO-[4Fe-4S] per tyrosine cleavage event raises the
question as to how the CO and CN ligated 2Fe subcluster
(which has two CN and three CO) would be synthesized on
(or transferred to) HydF. Only further studies will shed light on
the HydG mechanism by which the diatomic ligands are deliv-
ered to HydF.
The formation of a dithiolate-linked cluster intermediate could
result from alkylation of the sulfides of a [2Fe-2S] cluster, thereby
effectively protecting the sulfides against further reactivity and
shifting the chemical reactivity toward the Fe sites, essentially
priming them for addition of CO and CN (Peters et al., 2006).1048 Structure 19, August 10, 2011 ª2011 Elsevier Ltd All rights reseGiven the sequence similarity between HydE and BioB (Nicolet
et al., 2008), and the observation that HydG synthesizes tyro-
sine-derived CO and CN, it is presumed that HydE is respon-
sible for production of the bridging dithiolate ligand.
The structure of HydE from T. maritima was determined by
X-ray diffraction methods and revealed an (a/b)8 TIM barrel fold
with a site-differentiated [4Fe-4S] cluster responsible for binding
and cleaving SAM (Nicolet et al., 2008, 2009) (Figure 10) and an
additional [2Fe-2S] cluster coordinated by three Cys residues.
This second FeS cluster has some similarity to the [2Fe-2S]
cluster in homologous BioB, although the binding regions of
the clusters are markedly different (Nicolet et al., 2008). Amino
acid substitutions of the three Cys ligands of the second FeS
cluster did not affect the ability to produce active [FeFe]-hydrog-
enase, providing evidence against the notion that this cluster
serves as a source of sulfur in the synthesis of the bridging dithio-
late compound; this is in contrast to the [2Fe-2S] cluster in BioB,
which serves as a source of a sulfur atom in the conversion of
dethiobiotin to biotin (Nicolet et al., 2008). Further analysis of
the HydE structure revealed that the protein has three anion-
binding sites within the (a/b)8 barrel, and a substrate-binding
area was identified near the SAM cofactor. Soaking experiments
with various small molecules showed that an anion-binding site
located at the bottom of the barrel could bind thiocyanate with
high affinity. Although current biochemical evidence offers little
insight into the potential substrate for HydE, HydE has been
shown to copurify with HydF under certain conditions, support-
ing the idea that HydE interacts directly with HydF to perform its
function (McGlynn et al., 2008).Conclusions
Altogether, the recent structural and biochemical work on
[FeFe]-hydrogenasematuration has revealedmany of the intrica-
cies and complexities for how this class of enzymes assembles
an active site metal center found nowhere else in biology.
Despite such rapid progress, there remain exciting possibilities
for future research to uncover the missing details for the biosyn-
thesis and reactivity of a unique complex cofactor with intriguing
carbon monoxide and cyanide ligands. A few of these include
identification of the substrate molecule of HydE, direct experi-
mental determination of the dithiolate ligand, developing a better
understanding for the structural determinants for modulating
H2-oxidation and H2-evolution activities, and deciphering the
mechanism of O2 inactivation while developing the potential for
O2-tolerant hydrogenases. Solving these issues could provide
critical information for developing the best biotechnological
solutions for H2 production. Thorough examination of the envi-
ronmental variation, diversity, and evolution of hydrogenases,
as well as additional structural and mechanistic studies, could
prove instrumental in making these directions a success.ACKNOWLEDGMENTS
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